This paper describes an investigation of argon adsorption into carbon nanotubes at temperatures below the triple point, using a grand canonical Monte Carlo simulation to study the effects of confinement and surface strength on the 2D transition. In large pores, it was found that 2D transitions can occur in more than one layer, but are absent in higher layers for small pores. The 2D critical temperature of the first layer for a small pore (R = 1.2 nm) was found to be ca. 66 K (MWCNT) and 65 K (SWCNT), compared to 55-59 K observed experimentally for a flat graphite surface. This is because of the overlapping effects due to the surface curvature or the confinement in a carbon nanotube. Assuming a weaker carbon surface by reducing the graphene surface strength by 40% for SWCNT, the 2D critical temperature was only modestly reduced to 63 K. This suggests that the experimental data at 59 K might be attributed to other factors, other than confinement effects. An imperfect surface is suggested and, employing 5% defects on this surface, the 2D critical temperature has been determined as 58 K which is in better agreement with the experimental value of 59 K.
INTRODUCTION
Phase transitions in confined fluids are a significant phenomenon, both in fundamental research in physical chemistry and in industrial applications. Many investigations have been carried out to study phase transitions (2D transition and capillary condensation) on planar surfaces, slit and cylindrical pores (Migone et al. 1984; Ball and Evans 1988; Youn and Hess 1990; Curtarolo et al. 2000; Gatica et al. 2001; Gatica and Cole 2005; Do et al. 2009; Hamada et al. 2009; Wang et al. 2010) . The critical properties of confined fluids in nano-scale porous materials vary significantly with the pore geometry and the surface strength (Panagiotopoulos 1987; Ortiz et al. 2005) . Compared with that at a planar surface, the potential field generated by a solid surface is enhanced by overlapping effects due to the surface curvature or the confinement in an enclosed space, because an adsorbate (fluid) atom interacts with a larger number of neighbours at closer separations. On an ideal planar open surface, at sub-critical temperatures, many layers of adsorbate can build up and eventually condensation occurs at the saturated vapour pressure. In confined spaces, the vapour/liquid equilibrium differs from that of the bulk fluid because of the overlapping and curvature effects. Computer simulation has been widely used to provide a microscopic picture of the behaviour of fluids in confined spaces, and can lead to improved physical interpretation of the adsorption process.
In adsorption onto homogeneous surfaces, 2D layering transitions are manifested by steep steps in the adsorption isotherm at a succession of relative pressures (Thomy et al. 1981; Larese and Zhang 1995) which reflect the completion or near-completion of layers that were previously sparsely populated. The 2D critical temperature is below the bulk triple point. It is well known that the curvature of the liquid surface has a significant effect on the vapour pressure (Rouquerol et al. 1999) . Thus, the question arises as to whether a 2D transition remains when the curvature of a cylindrical pore increases.
To study the effects of the surface curvature, we choose carbon nanotubes modelled as a cylindrical pore with a graphitic wall, together with argon as the adsorbate because it is a common molecular probe for the characterization of the structural properties of porous solids (Jakubek and Simard 2004; Firlej and Kuchta 2005; Furmaniak et al. 2009; Hamada et al. 2009 ). Carbon nanotubes have been widely investigated in recent years due to their potential applications (Jakubek and Simard 2004; Firlej and Kuchta 2005; Ohba et al. 2007; Furmaniak et al. 2009; Hamada et al. 2009; Albesa et al. 2010; Rafati et al. 2010; Wang et al. 2010) . Readers can refer to a recent excellent review on carbon nanotubes (Müller 2010) . Furthermore, we consider the effects of surface strength on the phase transitions by investigating single-wall and multi-wall carbon nanotubes (SWCNT and MWCNT), and a weak SWCNT (by reducing the well-depth to 60% of that in graphite). Many experimental and theoretical investigations have been carried out for argon adsorbed onto a bundle of carbon nanotubes. For example, Yoo et al. (2002) have found experimentally that the heat of argon, adsorption onto open-ended carbon nanotube bundles was ca. 182 meV in the low-coverage region, which is comparable to that of nitrogen. Bienfait et al. (2004) measured argon adsorption isotherms, heats of adsorption and neutron diffraction, and observed that adsorption first occurred on high-energy binding sites (grooves and interstitial channels), and then on the outer rounded surface of the bundles. Jakubek and Simard (2004) reported the formation of two condensed phases of argon adsorbed onto single-walled carbon nanotubes and found the critical pressures of the onset of the quasi-one-dimensional linear phase and the quasi-two-dimensional monolayer phase formation on the external surface at 77 K and 87.3 K, respectively. A number of workers (Gatica et al. 2001 (Gatica et al. , 2008 Gatica and Cole 2005; Urban et al. 2005) have undertaken theoretical investigations of the quasi-1D and -2D phase transitions for gases adsorbed onto nanotube bundles. Recently, Wang et al. (2010) , using carbon nanotubes as resonators, have observed the formation of argon monolayers on the cylindrical surface and a phase transition from fluid to solid at temperatures below 77 K. The effects of surface curvature on the adsorption of nitrogen at 77 K in SWCNTs have been studied by Ohba et al. (2007) , both experimentally and using GCMC simulation for nanotubes with diameters distributed around 2.8 nm. In the present work, we will study the behaviour of argon atoms adsorbed inside a cylindrical pore using grand canonical ensemble simulation, and investigate the effects of surface curvature, temperature and surface strength.
We have chosen several small pore radii (R = 1.2, 1.38, 1.55 and 1.8 nm) to investigate the effects of surface curvature on argon adsorption at 57.5 K. These radii correspond to (18, 18), (20, 20), (23, 23) and (27, 27) carbon nanotubes, respectively. These small pore sizes were chosen to emphasize the effects of the curvature. To study the effects of temperature, we chose several different temperatures between 55 K and 87.3 K.
One interesting feature that has been observed experimentally and in simulations for argon adsorption onto a flat graphitic surface at 77 K (Grillet et al. 1978 ) is a spike in the isosteric heat curve that occurs close to monolayer coverage (Fan et al. 2010) , whose presence can be attributed to the squeezing of molecules into a dense first layer (Wongkoblap et al. 2008) . It is of interest to know whether the surface curvature and the surface strength affect the presence of this heat spike at 77 K.
THEORY
SWCNT and MWCNT are modelled as a cylindrical pore with one and three graphitic layers of constant surface density, respectively. The surface density for a graphene layer is 38.2 atoms/nm 2 . Periodic boundary conditions are applied in the axial direction to simulate a pore of infinite extent. The pore length is four-times the pore radius. To ensure that the pore length is adequate, we compared simulation results for these pores with those for pores of length 10-times the pore radius and found that the two results were comparable. We used 20 000 cycles for both the equilibration and sampling stages, with 1000 steps in each cycle and equal probability between displacement, insertion and deletion. For the determination of the local density distribution, we divided the cylindrical pore into bins in the radial direction, with a bin size 0.01-times the collision diameter of argon.
Fluid-fluid potential model
Argon was modelled with the 12-6 Lennard-Jones equation using the molecular parameters ε FF /k B = 119.8 K and σ FF = 0.3405 nm (Michels et al. 1949 ).
Solid-fluid potential
The interaction energy between a fluid particle and the homogeneous surface of a cylinder of radius R is given by (Tjatjopoulos et al. 1988; Gordon and Saeger 1999) :
where µ SF (r i ) is the solid-fluid potential and r i is the distance between the fluid particle I and the centre of the pore. In this expression, F[a;b;c;d] is the hypergeometric function (which has a symmetry at r i = 0) and ρ S is the surface number density of solid atoms on the pore wall. The interaction energy parameters, σ SF and ε SF , are calculated by Lorenz-Berthelot mixing rules. For a graphite surface, the surface density (ρ S ) is 38.2 atoms/nm 2 , and the molecular parameters for a carbon atom in a graphene layer are σ SS = 0.340 nm and ε SS /k B = 28 K (Steele 1973 
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cylindrical pore with multiple layers, we assume the interlayer spacing is constant, ∆ = 0.3354 nm (Charlier and Michenaud 1993; Ge and Sattler 1993) . To investigate the effects of surface strength, we choose a cylindrical pore whose surface is graphite-like but its well-depth is 60% that of graphite, i.e. ε SS /k B = 16.8 K. The other molecular parameters are the same as those for graphite. Figure 1 shows the solid-fluid potentials between an argon particle and the inner surfaces of SWCNT, MWCNT and 60% SWCNT, the surface with a well-depth parameter 60% of graphite. The radius used in the computation of Figure 1 was 1.2 nm. Among these surfaces, MWCNT is the strongest because of the multiple layers and 60% SWCNT is the weakest adsorbent.
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Isosteric heat
The isosteric heat was calculated from (Nicholson and Parsonage 1982) :
where N is the number of particles in the simulation box and U is the total potential energy; the fluctuation f(A,B) is defined as f(A,B) = 〈AB〉 -〈A〉 〈B〉, where 〈 〉 represents the ensemble average.
RESULTS AND DISCUSSION

Effects of the surface curvature
To investigate the effects of surface curvature on the 2D transition, we carried out argon adsorption in an MWCNT with different pore sizes (R = 1.2, 1.38, 1.55 and 1.8 nm) at 57.5 K (well below the triple point) to study whether a 2D first-order phase transition still persisted as the curvature was
= − increased, since such a transition is observed experimentally and theoretically with a flat graphitic surface at this temperature (Millot 1979; Zhu and Dash 1988; Larese and Zhang 1995) .
Isotherms
Since 57.5 K is well below the triple point, corrugation of the graphene surface might have an effect on the adsorption isotherm. To test this, we present in Figure 2 the simulation results from the homogeneous model and an atomistic carbon model for the description of argon adsorption in a cylindrical pore of 1.33 nm radius with a graphitic atomic configuration. It is seen that the results are very similar, and all features of interest observed with the detailed atomistic model (for example, the 2D transition, the sub-step in the monolayer and the filling of the core) are also exhibited by the smooth surface model. Hence, all the results presented hereafter were obtained employing the smooth surface model.
Argon Adsorption in Carbon Nanotubes at Temperatures below the Triple Point 565 Figure 3 shows the plots of argon adsorption isotherms in MWCNTs of different radii (1.2 and 1.8 nm) at 57.5 K. The 2D transition in the first layer is observed for both pores, suggesting that the curvature does not affect the 2D condensation in the first layer, at least for pore radii greater than 1.2 nm. However, the surface curvature has an effect when higher adsorbate layers are formed. For a flat graphite surface, a layer-by-layer growth occurs via a sequence of first-order layering transitions (Larese and Zhang 1995) . For the largest pore size considered here (R = 1.8 nm), the formation of two layers may be observed, followed by a 3D capillary condensation (volumefilling) of the core, whilst for the smallest pore (R = 1.2 nm) volume-filling of the core after the first layer has been completed is observed. The pressure at which the 2D transition of the first layer occurs increases with pore size, because of the lower solid-fluid potential in the larger pores. The same is observed for the 2D transition of the higher layers or the capillary condensation of the core, this being due to the stronger solid-fluid and fluid-fluid interactions in the smaller pores. To see the effects of curvature, the transition pressure of the first two layers has been plotted in Figure 4 versus the reciprocal of the pore radius. It can be seen that the transition pressure approached that of a flat surface (Peterson et al. 1990 ) when the radius was increased.
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Z. Liu et al./Adsorption Science & Technology Vol. 28 No. 7 2010 Of some interest in the shapes of the adsorption isotherms depicted in Figure 3 are the sub-steps in the monolayer region after the 2D transition of the first layer and before the next transition. This feature has recently been observed experimentally in the investigation of the phase behaviour of argon and krypton adsorption onto carbon nanotubes (Wang et al. 2010) , confirming the simulation results. The presence of the sub-steps is usually associated with commensurate and incommensurate structures in the adsorbate. They may be explained as follows on the structureless adsorbent studied here. At the end of the 2D condensation of the first layer, this layer behaves like a loose 2D-liquid phase, and as the pressure is increased more argon particles are added to the first layer, resulting in a dense 2D-liquid phase (sub-step I). When the pressure is increased further, argon particles are rearranged to achieve a better packing, leading to a solid-like phase (sub-step II). Note that the jump at sub-step II is less than that at sub-step I, which is in accord with the transition from a loose liquid to a dense liquid and from a dense liquid to a 2D-solid. It is known that argon adsorption onto a flat graphite surface shows one sub-step, which is due to the transition from a liquid-like state to a solid-like phase (Peterson et al. 1990; Do et al. 2008a; Fan et al. 2010) . The reason for the presence of two sub-steps in the case of a cylindrical nanotube is that the rearrangement of argon particles on its surface to form a curved hexagonal packing is more difficult because of the curvature effects, although interaction of the adsorbate with the nanotube is stronger than that on a flat surface (Stan and Cole 1998) .
The local density distribution and snapshots of the small pore (1.2 nm) at the pressure points shown as A, B, C, D and E in Figure 3 are presented in Figure 5 . In Figure 5 (a), the significant increase in the peak height at R = 0.33 nm observed between A and B supports the 2D transition of the first layer. This is similar to the 2D transition on a flat surface (Do et al. 2008b ). After point B, a further small increase of the first peak is detected with increasing pressure, suggesting a compression of the first layer by addition and rearrangement of the adsorbed argon particles. After capillary condensation (D and E), the L-J local density of the first layer does not change, indicating the dense solid-like first layer.
To understand the isotherm behaviour microscopically, a number of snapshots are presented in Figure 5 (b). To clearly observe the packing of the particles inside a cylindrical pore, the pore surface has been cut along the z-axis and then unfolded to make it flat. Before the 2D transition (A), some particles attach in small clusters of different sizes (because of the energetic effects), whilst others stay as isolated particles (because of the entropic effects). Immediately after the 2D transition of the first layer (B), clusters agglomerate into a monolayer with domains and gaps being visible between these domains (loose 2D-liquid). Upon further increase in pressure to point C (after the first sub-step), a denser monolayer with smaller gaps between the domains is formed. This may be regarded as a dense 2D-liquid because no hexagonal packing was detected. However, the first layer exhibits hexagonal packing when the pressure is increased to point D (after the second sub-step), indicating a transition from a dense 2D-liquid to a 2D-solid. This is consistent with the local density in Figure 5 (a) which shows a higher peak at point D than that at point C. Not only is the freezing transition of the first layer observed, but the onset of the second layer is visible, with the particles in this layer residing on top of three particles of the first layer to maximize the fluid-fluid interaction [see the circles in Figure 5 et al. 2008b ). These features of 2D transitions found in the simulations support that observed experimentally (Wang et al. 2010) . For this small pore (1.2 nm), as the pressure is increased beyond sub-step II, volume-filling of the core comprising of two layers of argon particles is observed [ Figure 5(b) , row E].
In the larger pore (1.8 nm), the formation of more than one layer prior to the 3D condensation (volume-filling) of the core would be expected. The behaviour of the first layer is similar to that of the smaller pore (1.2 nm). We consider the second layer and the 3D condensation. The local density distributions and snapshots of argon particles at several pressures corresponding to F (just before the 2D transition of the second layer), G (after the 2D transition of the second layer) and H (after the volume-filling of the core) are presented in Figure 6 . A small peak in the second layer is observed at point F in both the local density distribution and the corresponding snapshot, while the solid-like behaviour of the first layer is evidenced by the hexagonal packing. After the 2D transition of the second layer has occurred (point G), we see the presence of some particles in the third layer. Hence, there are three different phases (solid-like, liquid-like and vapour, respectively, in the first three layers) in the pore at this point. This is a distinct difference from that observed with the smaller pore (1.2 nm). When the pressure is increased to point H, the pore is filled instantaneously, with three layers in the core in addition to two adsorbed layers. Figure 7 presents the plots of isosteric heat versus loading for pores of 1.2 and 1.8 nm radii; they exhibit Type II behaviour in the BDDT classification (Do et al. 2008b ). The isosteric heat initially Figure 3 . The inset highlights the sub-monolayer coverage region. (b) Snapshots of argon particles at the pressure points A, B, C, D and E. Snapshots on the left-hand side show the front view of the particles inside the cylindrical pore before the pore is unfolded, and those on the right-hand side show the top view of the particles after unfolding the pore. To see the packing of the first layer clearly, the snapshots in the middle (D and E) show the top view of the particles in the first layer after the pores has been unfolded. Particles in the snapshots are indicated as green (second layer) and yellow (third layer) to distinguish them from the blue particles in the first layer. Figure 7 ) due to the fluid-fluid interactions between particles [see Figure 5 (b), row A which shows the onset of cluster formation]. As small clusters merge together across the 2D transition of the first layer (segment AB), the heat of adsorption remains constant. The difference between this constant heat of 2D condensation of the first layer and the isosteric heat at zero loading is ca. 2 kJ/mol, and is independent of the pore size. This difference is associated purely with the fluid-fluid interaction in the 2D condensation, and is exactly the same as that for argon adsorption onto a flat surface (Do et al. 2008b) .
Isosteric heats
The constant heat seen with 2D condensation of the first layer (AB in Figure 7) is also observed with the 2D condensation in the second layer (FG) and the pore-filling (3D condensation) of the core (JK). We have also observed this feature in the GCMC simulation of noble gas adsorption onto a flat graphite surface (Do et al. 2008b ). Hence, it may be concluded that the surface curvature and the adsorbate have no effect on the constant heat during phase transition, whether it be a 2D or a 3D transition.
Due to the greater fluid-fluid interaction after 2D condensation of a layer with a constant heat, the isosteric heat increases because of the compression in that layer (segments BC and GH). This is then followed by a sharp decrease, because of the onset of the higher layer which is further away from the surface (i.e. lower solid-fluid interaction). After volume-filling of the core, the isosteric heat is increased (segment KL) due to compression of the liquid condensate. The magnitude of this isosteric heat can be estimated. If we assume that the liquid condensate is sufficiently dense, Figure 6 . (a) Local density distributions versus distance from the pore surface for a pore radius of 1.8 nm at several pressures denoted as F, G and H in Figure 3 . (b) Snapshots of argon particles at the pressure points F, G and H. Snapshots on the left-hand side show the front view of argon particles inside the cylindrical pore before and after the cylinder has been unfolded, while those on the right-hand side show the top view of the particles after the cylindrical pore has been unfolded. Blue, green, yellow, purple and red coloured particles denote those in the first, second, third, fourth and fifth layers, respectively. one argon particle will be surrounded by 12 nearest neighbours. If the distance to the nearest neighbour is 2 1/6 σ FF , pair-wise interaction would result in the release of 1 kJ/mol of heat. This means that the contribution of the first shell of neighbours will be 12 kJ/mol. Figure 7 shows that the maximum heat obtained from the GCMC simulation is ca. 14 kJ/mol, the difference of 2 kJ/mol being due to fluid-fluid interactions with neighbouring particles in the second and higher shells, as well as the solid-fluid interactions with the surface. A special feature observed in Figure 7 is the presence of a spike at the end of the formation and compressing of the first layer (point D). This is due to the squeezing of particles into the dense first layer while adsorption is progressing in the second layer (Do and Do 2005) . This squeezing results in a higher heat of adsorption contributed by the solid-fluid interaction (because the particles are closer to the surface) and the fluid-fluid interaction (because of the better packing). The consequence of the better packing in the first layer is sub-step II, where the liquid-like behaviour of the first layer becomes a solid-like behaviour (Figure 3) . Indeed, the heat spike depicted in Figure 7 (a) occurs at the pressure where sub-step II is observed.
Effects of temperature
Isotherms
Argon adsorption in a 1.2 nm carbon nanotube at several different temperatures (from 55 K to 87.3 K) has been studied in order to investigate the effects of temperature on the behaviour of argon adsorption. Figure 8 shows the isotherms, from which it is seen that the 2D critical temperature of the first layer was ca. 66 K, compared to 55-59 K for argon adsorption onto a flat graphite surface (Millot 1979; Migone et al. 1984) . This increase in the 2D critical temperature of the first layer is due to the greater solid-fluid interaction in a cylinder than on a flat surface. The effects of surface curvature may be considered by taking bundles of carbon nanotubes with a small pore size as an example, from which it is seen that the critical temperature of the 2D transition of the first layer in the interstices and on the external surface might be higher than 87 K (Jakubek and Simard 2004). However, it has been reported both experimentally and by 570 Z. Liu et al./Adsorption Science & Technology Vol. 28 No. 7 2010 Figure 7 . Plots of the isosteric heat of argon adsorption in graphitic cylindrical pores versus pore density at 57.5 K for pore radii of (a) 1.2 nm and (b) 1.8 nm, respectively. Pore density (kmol/m 3 ) Isosteric heat (kJ/mol) simulation that the 2D critical temperature is below 66 K for argon adsorption in a single-walled carbon nanotube (Wang et al. 2010) and 60 K for a double-walled carbon nanotube (Maddox et al. 1995; Maddox and Gubbins 1995) , both values being lower than that obtained in our GCMC simulation. A possible reason is that the three-walled and smaller pore size of the infinite carbon nanotube used in our work resulted in a greater solid-fluid interaction. Stan and Cole (1998) have reported that the binding of the adsorbate to a SWCNT is stronger than that to a flat graphene layer. However, the binding of the adsorbate to a SWCNT might be weaker than that to the bulk graphite, because the carbon nanotubes are single-walled whereas the bulk graphite has many layers. This conclusion is consistent with the results of methane adsorption in a bundle of single-walled carbon nanotubes (Albesa et al. 2010 ) and of argon adsorption on the surface of a single-walled carbon nanotube (Wang et al. 2010 ). On the other hand, due to defects in the nanostructures, the nanotubes used experimentally might not have been as homogeneous as the graphite model used in the simulation. This could have resulted in a weaker carbon nanotube surface with corrugation effects being induced; if so, the 2D critical temperature of the first layer would be less than 66 K. This suggestion is explored further in Section 3.3 below.
Isosteric heats
The isosteric heat of argon adsorption in cylindrical pores has been studied both experimentally and theoretically (Wilson et al. 2002; Yoo et al. 2002; Bienfait et al. 2004; Jakubek and Simard 2004; Urban et al. 2005; Do et al. 2008a ). However, all of these studies dealt with bundles of SWCNTs and MWCNTs, where the initial isosteric heat is due to adsorption in the interstices between the tubes and in the grooves on the boundary of the bundle (Urban et al. 2005) . Here, we 55, 57.5, 60, 62.5, 65, 67.5, 70, 72.5, 77, 83, 87. 3 K) inside a MWCNT plotted on a semi-log scale for a pore of radius 1.2 nm. The envelope of the region of co-existence between the vapour and the 2D-liquid is shown as a dashed line. The termination of this envelope is the 2D critical point of the first layer, with the jump between the two phases increasing as the temperature decreases below the 2D critical temperature. 10 −3 10 −2 10 −1 10 0 10 1 10 2 focus our attention on the effects of temperature on the behaviour of the isosteric heat versus loading and select 77 K and 87.3 K as suitable temperatures, because it is known that a heat spike is observed in argon adsorption on a flat graphite surface at 77 K but is absent at 87.3 K (Fan et al. 2010) . The question as to whether the surface curvature affects this observation will now be addressed. Figures 9(a) and (b) show plots of the isosteric heat versus loading for argon adsorption at 77 K and 87.3 K in carbon nanotubes of 1.2 and 1.8 nm radii. It should be noted that the heat curve pattern changes from that at 57.5 K (Figure 7) to that at 77 K and 87.3 K, respectively. At the completion of the first layer, the isosteric heat reaches a maximum, with this maximum being lower at higher temperatures and also lower for larger pore radii where the energy necessary for inserting a new molecule is less. After the first layer has been formed, molecules adsorbed into the second layer have a weaker interaction with the surface and initially only interact with neighbours in the first layer. As the concentration in the second layer increases, new molecules interact with a greater number of second layer neighbours which accounts for the increase in the Figure 9 . Plots of the isosteric heat versus the pore density at (a) 77 K and (b) 87.3 K, respectively, for argon adsorption in pores with radii of 1.2 nm and 1.8 nm, and of the isosteric heat versus the surface excess at (c) 77 K and (d) 87.3 K, respectively, for argon adsorption in pores with radii of 1.2 nm and 1.8 nm, and onto a flat carbon black surface (Fan et al. 2010) . Flat surface magnitude of q st . Beyond this, we observe a region of almost constant heat [region A in Figure 9 (a)]. This region of constant heat differs from the constant heat observed in the 2D condensation at 57.5 K. In this case, the almost constant heat results from the balance of the decrease in the solid-fluid interaction and the increase in the fluid-fluid interaction (Do et al. 2008b) . After the 3D condensation, the isosteric heat increases to ca. 14 kJ/mol, and is similar to that observed earlier at 57.5 K.
To further understand the behaviour of the isosteric heat in the first layer, we have plotted the isosteric heat versus the surface concentration (µmol/m 2 ) instead of the pore density. The corresponding plots are shown in Figures 9(c) and (d) for 77 and 87.3 K, respectively. Also plotted in the same figures are the isosteric heats versus surface concentration for a flat graphitic surface. It will be seen that the pattern of the isosteric heat was the same for both carbon nanotubes (1.2 and 1.8 nm) and the flat graphite surface, irrespective of the temperature. Thus, we conclude that surface curvature does not affect the mechanism of adsorption in the monolayer coverage region. There are differences, however. Thus, (i) the heat curve for the flat graphite surface shows a heat spike at the onset of the second layer, and (ii) the heat curve is shifted to higher values when the surface curvature is increased. The absence of a heat spike in the region of the monolayer maximum for the carbon nanotube may be explained by the difficulty in squeezing a molecule into a curved surface, compared to a flat surface. The shift of the heat curve to a higher value is due to the increase in the solid-fluid interaction.
Effects of surface strength
Next, we consider the effects of surface strength on argon adsorption. The solid-fluid potential profiles for three different surfaces were presented in Figure 1 . Figure 10 shows the argon adsorption isotherms in a 1.2 nm SWCNT at different temperatures, from which it is seen that the 2D critical temperature of the first layer is ca. 65 K, which is slightly lower than that in MWCNT (66 K). However, it is still higher than the value of 59 K obtained experimentally (Wang et al. 2010) . The difference could be due to over-estimation of the solid-fluid potential. To test this hypothesis, we have used a weaker homogeneous surface for the carbon nanotube by reducing the well depth to 60% graphite. The simulation depicted in Figure 11 shows that, in this case, the 2D critical temperature decreased from 65 K to 63 K, which is only a modest decrease. Hence, in a further attempt to explain the temperature of 59 K observed experimentally, the possibility that the carbon nanotube surface is not as homogeneous as assumed in the simulation has been considered.
Since the adsorption properties of L-J fluids in a confined space are mainly dependent on the surface strength and surface density of the adsorbent, the defects in carbon nanotubes might influence the 2D critical temperature. To investigate the influence of defects, we apply an atomistic model for argon adsorption to reveal the 2D behaviour of a defective SWCNT. The defective surface may be created by removing carbon atoms randomly to form vacancy defects. In this model, the solid-fluid energy is calculated by summing up all the potential energies between the fluid (argon) particles and the solid (carbon) particles employing the 12-6 Lennard-Jones equation. Figure 12(a) shows the potential energy of interaction of an argon atom adsorbed in SWCNT simulated by the atomistic model (with 5% defects and without defects) for a pore radius of 1.2 nm. The particles can be closer to the defective surface, as indicated by the lower energy at the same position when the particle is close to the surface [see the circles in Figure 12(a) ]. The argon adsorption isotherms in a defective SWCNT (5% defects) are presented in Figure 12 (b). The inset of Figure 12(b) shows the structure of the vacancy defects, which is one of the typical defects observed in carbon nanotubes . In this case, the 2D critical temperature is reduced from 65 K to 58 K, suggesting the significant influence of defects in the model.
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Z. Liu et al./Adsorption Science & Technology Vol. 28 No. 7 2010 Figure 10 . Simulated isotherms of argon adsorption in a SWCNT with a pore radius of 1.2 nm at different temperatures (from left to right: 55, 57.5, 60, 62.5, 65 and 67.5 K). 
CONCLUSIONS
The isotherm and isosteric heat of argon adsorption in carbon-based cylindrical pores at 57.5, 77 and 87.3 K have been investigated by applying a method of grand canonical Monte Carlo simulation. It has been found that the pore curvature and the surface strength can affect the layering transitions. At 57.5 K, 2D transitions of more than one layer are observed for a smaller surface curvature, while only 2D transition of the first layer is observed for a weaker surface and larger surface curvature. A special feature is that a number of small sub-steps are observed in the monolayer after 2D transition of the first layer, these being representative of the phase conversions from vapour to liquid-like, and liquid-like to solid-like. As a special feature of isosteric heat, heat spikes are observed at 57.5 K which are absent at higher temperatures. The 2D critical temperature decreases on decreasing the surface strength and introducing vacancy defects. We have found that the 2D critical temperatures of the first layer are 66 K and 65 K for a MWCNT and a SWCNT, respectively. The 2D critical temperature for a 5% defective surface is 58 K, which is in better agreement with the experimental data of 59 K. Figure 12. (a) Potential energy of interaction of an argon atom adsorbed in a SWCNT simulated by an atomistic model (with 5% defects and without defects) for a pore radius of 1.2 nm. (b) Isotherms of argon adsorption in a SWCNT with 5% defects and a pore radius of 1.2 nm simulated by an atomistic model (from left to right: 55, 57.5, 60, 62.5 and 65 K); the inset shows the structure of the vacancy defects. 
